ZnGa 2 O 4 :Mn phosphor particles of spherical shape, clean surface, filled morphology, and improved photoluminescence characteristics were prepared by a modified spray pyrolysis technique and the effect of precursor type on the luminescence intensity of ZnGa 2 O 4 :Mn was investigated. The morphology control of ZnGa 2 O 4 :Mn phosphor particles in spray pyrolysis was attempted by using the stable colloidal solution obtained by the liquid phase reaction method as a spraying solution. The ZnGa 2 O 4 :Mn particles prepared from the colloidal solution had a spherical shape, clean surface, and filled morphology even after post-treatment at 1200 C. The ZnGa 2 O 4 :Mn particles prepared from Zn chloride and Mn acetate showed the maximum photoluminescence intensity, which was 24% higher than that of particles prepared from Zn nitrate and Mn nitrate.
Introduction
Improved performance of flat panel displays (FPDs) and lamps requires better quality phosphor particles in terms of brightness and morphology. [1] [2] [3] [4] [5] [6] The characteristics (powder characteristics) of phosphor particles required for displays and lamps are fine particle size, narrow size distribution, spherical morphology, high density/low porosity, high crystallinity, and homogeneous dopant distribution of activator ion throughout the host material. 7) Spray pyrolysis is a promising process, which can produce improved phosphor particles. The phosphor particles prepared by spray pyrolysis almost satisfy the above requirements of phosphor particles. However, the problem with using spray pyrolysis is that it leads to the formation of hollow-structured and/or porous particles. The phosphor particles of hollow and/or porous structure have thermal and mechanical instability and many defects inside or on the surface of the particles. Defects are the primary cause of the reduction in the brightness of phosphor particles. Therefore, the morphology control of phosphor particles in spray pyrolysis is essential to producing phosphor particles with high brightness. 8) To overcome this problem in spray pyrolysis, various techniques have been applied. High-solubility precursors, low evaporation rate, small droplet sizes, low solution concentration, and long residence times promote solid particle formation. 9) Morphological control of particles in spray pyrolysis can also be carried out by using a stable colloidal seed solution.
10) Flame spray pyrolysis is another method for obtaining solid structure particles, where a hightemperature flame used as an energy source results in melting of particles to be spherical and dense. 11) Manganese activated zinc gallate is a green-emitting phosphor material which has shown potential over zinc sulfide and zinc silicate in vacuum fluorescent and field emission displays. Its advantages include high conductivity compared with those of most oxide phosphors, a more suitable color coordinate position of the green emission band, and higher vacuum stability. 12, 13) In this work, ZnGa 2 O 4 :Mn phosphor particles were fabricated by spray pyrolysis and optimized by varying the reduction condition and precursor type. Morphology control of multicomponent ZnGa 2 O 4 :Mn phosphor particles was attempted by using a stable colloidal solution obtained by the liquid phase reaction method.
Experimental Procedure
The colloidal solutions used as nucleation seeds inside the droplet were prepared by the liquid phase reaction method proposed by Matijevic and Hsu. 14) Spherical and monosized gallium compound particles were obtained by homogeneous precipitation in aqueous solutions by reacting with the thermal decomposition products of urea. The stock sol solution was prepared by heating the premixed solutions of Ga nitrate and urea at 90 C for 2 h. The mean size of gallium hydroxy carbonate sol particles was 300 nm when the concentrations of gallium nitrate and urea were 0.005 and 0.25 M, respectively. The as-prepared sol was stable and phase separation did not occur for several hours. The spray solutions were obtained by adding gallium, zinc, and manganese precursors into the as-prepared colloidal solution. Gallium nitrate was used as a gallium precursor. Various types of zinc and manganese precursors (nitrate, chloride, acetate) were used to investigate the effects of the precursor on the morphology and luminescence intensity of ZnGa 2 O 4 :Mn phosphor particles.
The apparatus used in this work was an ultrasonic spray generator with a 1.7 MHz resonator. The overall solution concentration was 0.6 M. The doping concentration of Mn was fixed at 6 at.%. The reactor temperature was 900 C and the residence time was 3 s when the flow rate of air used as the carrier gas was 2 l/min. The prepared ZnGa 2 O 4 :Mn particles were heat-treated at 1200 C for 3 h for crystallization and activation of dopants. To obtain green luminescence, the heat-treated particles were reduced at 800 C for 0.5-2 h under 5% H 2 /N 2 mixed gas. The prepared particles were characterized using X-ray diffractometry (XRD), scanning electron microscopy (SEM), and photoluminescence spectroscopy.
Results and Discussion
The morphology and mean size of phosphor particles are Ã
important factors in the fabrication of displays and lamps. A spherical shape and clean surface of phosphor particles enhance the performance of the displays and lamps by minimizing the scattering of light on the phosphor surface and maximizing the packing density of phosphor particles. 15 ) Figure 1 shows the SEM photographs of ZnGa 2 O 4 :Mn particles prepared from aqueous and colloidal solutions. The as-prepared particles by spray pyrolysis at 900 C were annealed at 1200 C, at which the phosphor particles had the maximum brightness. The particles prepared from an aqueous solution had a hollow structure irrespective of the type of Zn precursor. This is due to the high precipitation rate of precursor salts on the surface of the droplets. These hollow-structured particles became inwardly concave spherical structures during heat-treatment at high temperatures. However, the particles prepared from a stable colloidal solution had a filled and spherical structure and maintained their sphericity and clean surface after heat-treatment. This difference in the morphological structure originates from the difference in the precipitation mechanism of salts in the droplet. In the case of stable colloidal solution, salts are precipitated heterogeneously not only on the surface of the droplet but also on the surface of the Ga component colloidal seeds dispersed inside the droplet. The volume precipitation of salts inside the droplet formed particles with spherical and filled morphology. However, the particles prepared from aqueous solution have a hollow structure because the precursor salts are selectively precipitated on the surface of droplets with relatively high concentration.
The crystal structure and crystallinity of ZnGa 2 O 4 :Mn particles were shown in Fig. 2 . The particles had a pure spinel structured ZnGa 2 O 4 phase regardless of the types of Zn precursor and the crystallinity of particles was not affected by the types of Zn precursor. The particles prepared from the stable Ga colloidal solution also had a pure ZnGa 2 O 4 structure. This means that the colloidal solution prepared by the liquid phase reaction method was so stable that the composition in the droplet is identical to that in the spraying solution.
The effects of precursor type, reduction conditions, and colloidal solution on the photoluminescence characteristics of ZnGa 2 O 4 :Mn phosphor particles were investigated. The phosphor particles were excited by UV light of 254 nm wavelength and emitted green light. The reduction condition strongly affected the luminescence intensities of ZnGa 2 O 4 :Mn phosphor particles and the particles reduced at 800
C for 1 h under the 100 ml flow rate of 5% H 2 /N 2 mixed gas showed the maximum luminescence intensity. The photoluminescence intensities of ZnGa 2 O 4 :Mn phosphor particles were also affected by the types of precursors as shown in Fig. 3 . The ZnGa 2 O 4 :Mn particles prepared from Zn chloride and Mn acetate showed the maximum photoluminescence intensity, which was 24% higher than that of particles prepared from Zn nitrate and Mn nitrate and 220% higher than that of particles prepared from Zn nitrate and Mn sulfate. Zn chloride and Mn acetate precursors were preferable for the preparation of ZnGa 2 O 4 :Mn particles with high photoluminescence intensities. It is assumed that the different decomposition rates of different zinc and manganese precursors influenced the dispersion of Mn dopant in the ZnGa 2 O 4 host material. When manganese sulfate was used as a manganese source, the particles showed poor luminescence intensity, which is due to the pollution of phosphor particles by the sulfur component. The ZnGa 2 O 4 :Mn powders prepared from a solution with Mn sulfate were blackish in color, while the others were white. The ZnGa 2 O 4 :Mn particles prepared from the colloidal seed solution had 10% higher photoluminescence intensities than those prepared from the aqueous solution irrespective of the type of precursors used.
Conclusions
Morphology control and luminescence enhancement of phosphor particles were investigated in spray pyrolysis. 
